Study objectives -Firstly, to examine relationships between the birth and death addresses of children dying from leukaemia and cancer in Great Britain, and the sites of potential environmental hazards; and secondly to measure relative case densities close to, and at increasing distances from, different hazard types. Design -Home address postcodes (PCs) and their map coordinates were identified at birth and at death in children who died from leukaemia or cancer. Potentially hazardous industrial addresses and PCs were listed from business and other directories, and map coordinates obtained from the Central Postcode Directory or else located directly on Ordnance Survey (OS) maps. Railway lines and motorways were digitised from OS maps. Numbers of deaths (and births) at successive radial distances from these hazards were counted and compared with expected numbers. The latter were based on a count of all PCs at similar distances. Relative case density ratios at successive distances from the hazards were obtained from observed and expected numbers, aggregated over similar sites. This was repeated for different hazard types and results were tested for evidence of systematic centrifugal case density gradients. Participants and setting -All 22 458 children dying from leukaemia or cancer aged 0-15 years, in England, Wales, and Scotland, between 1953 and 1980. Main results -Relative excesses of leukaemias and of solid cancers were found near the following: (1) oil refineries, major oil storage installations, railside oil distribution terminals and factories making bitumen products; (2) motor car factories, coach builders, and car body repairers; (3) major users of petroleum products including manufacturers of solvents, paint sprayers, fibreglass fabricators, paint and varnish makers, plastics and detergent manufacturers, and galvanisers; (4) users ofkilns and furnaces including steelworks, power stations, galvanizers, cement makers, brickworks, crematoria and aluminium, zinc, and iron/steel foundries; (5) airfields, railways, motorways and harbours. The findings for leukaemias and for solid cancers were indistinguishable. The hazard proximities ofbirth addresses were stronger than for death addresses. For children who had moved house between birth and death, the proximity effect was limited to the birth addresses. Conclusions -Childhood cancers are geographically associated with two main types ofindustrial atmospheric effluent namely: (1) petroleum derived volatiles and (2) kiln and furnace smoke and gases, and effluents from internal combustion engines. Our previous studies showed that childhood leukaemias and cancers occurred in small geographical clusters.'2 Among 9411 childhood registrations of leukaemia and lymphoma in Great Britain between 1966 and 1983, for whom we knew the residential postcode (PC) coordinates, there were 264 case pairs/triplets who were separated by less than 150 m; and in England and Wales there were 520 registration pairs who shared a common census enumeration district (ED). Among 22 458 childhood leukaemia and cancer deaths in Great Britain between 1953 and 1980, 503 pairs shared a common PC. All these numbers were about twice the expected values. The excesses were statistically significant, and they were not explained by national variations of ED and PC sizes (numbers of households and of postal delivery points). Studies of house numbering revealed a further excess of pairs which bridged the boundaries of adjacent PCs.
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The close address clusters were about 300 m in diameter, but there was also a surrounding zone of moderately enhanced risk, tapering towards normal over a radius of 2-3 km. PC clustering was stronger among birth addresses than among death addresses. It was not limited to the leukaemias and it involved all childhood cancers. Some of the close pairs were concordantly affected siblings living at the same address, but their exclusion did not alter the overall conclusion. The scale of the geographical clusters was commensurate with that of previously demonstrated space-time clusters among the 1966-83 leukaemia registrations, and also among the births and onsets of the fatal leukaemias. 345 If the geographic clustering is genuine and not a demographic artefact, as is now clear, then it must reflect the existence of localised environmental hazards. Many of them must have persisted over periods of years, although the space-time interactions show that some could have been transient or intermittent. They act most powerfully within a few hundred metres, but some of them reach out to a few kilometres.
A previous study showed that the map locations of the 9411 registrations were closer to a variety of potentially hazardous sites than were a randomly chosen set of PCs. 6 The 264 sub-150 m pairs among them showed an even stronger relationship. The apparent hazards included oil refineries, oil storage and distribution depots, railway lines, and other industrial sites. Effective ranges extended as far as 5 km from the sources. This suggested a hazard related to large scale usages of fossil fuels, especially petroleum, operating through leakage or evaporation or combustion -perhaps all three. The matching secular trends of childhood leukaemia and of petroleum usage over many decades accords with this hypothesis.
However, there were several problems of interpretation. First, the proximity investigations were undertaken initially to test the reality of the then uncertain clustering, and any causal speculations involved a second use of the same data. This introduced an unsatisfactory circularity. Second, no child population denominators were available for geographical analyses conducted on this small scale. The use of randomly selected PCs as indicators of the geographical distribution of those at risk entailed several demographic uncertainties. The most important was the possibility that numbers of children in PCs close to industrial sites might show a systematic positive bias. This caveat was also elaborated by commentators.7 Third, there was a question of environmental confounding; hazards of one kind might be related geographically to hazards of another kind, with a consequent risk of false attribution. This applied especially to railways. Finally, the close (300 m) spacing of the core clusters did not match the wider (c 5 km) radii of the main hazard proximity effects.
These problems demanded additional study. 22 448 death addresses. The birth addresses of many were also available. Although these data are limited to fatal cases, the great majority of the children affected in these years died within the time limits of the investigation; over 75% within five years of diagnosis.'0
The existence and locations of putative environmental hazards were determined in several ways. Point hazards such as oil refineries, gasworks, airfields, and crematoria were identified through direct searches of Ordnance Survey (OS) maps and street atlases. Many factories were found in classified business directories." 12 Others such as motor car works, nuclear installations, benzene refineries, and TV transmitters were taken from specialised lists. The lists and directories supplied addresses and PCs, which were then translated to map references via the Central Postcode Directory. Where "business" PCs could not be traced in our "residential" directory we used the alphabetically nearest residential PC (last character) as the index position. Business addresses listed as "Company House" were avoided in favour of actual factories. Some locations were reconfirmed or amended through map inspections or site visits. Detected errors were typically between 100 and 300 m. Series of particular hazard types usually consisted of 30-50 locations taken from the index in alphabetic order. For a few uncertain results, extensions of these lists enabled us to reject a suspect finding.
Linear cartographic features -railways and motorways -were digitised from OS maps using a digitising tablet. This registered strings of point coordinates and allowed the labelling of their beginnings, ends, breaks, and branch points. Tablet coordinates were translated to map positions against the key punched positions of the map sheet corners. The railways were digitised in 11 separate regions, with London excluded because of its density and complexity. Motorways outside the recently completed M25 London Orbital (which was itself omitted) were digitised as a single set.
For above.
In the absence of population based denominators for individual PCs, alternative small group analyses were considered. A reclassification of addresses by census ED could have supplied an alternative set of coordinates, and could have provided local estimates of child years at risk. Unfortunately, appropriate census ED data were not available for the greater part of the study period. This choice would also have discarded the superior geographical resolution of the PCs. There are approximately 11 PCs per ED in England and Wales, and other studies using census based child denominators found in practice that EDs had to be aggregated into even larger blocks. These studies also failed to show clustering at these relatively coarse levels.314 This approach was unlikely to meet the needs of a hazard proximity study pursuing very close range effects: and which was founded upon an initial demonstration of clustering within much smaller areas.
The matched case-control format of our main data source suggested another method for displaying comparable proximity patterns among non-cancer children. Unfortunately, control addresses had not been postcoded, matched controls were available only for about two thirds of cases, and they had been geographically matched according to place of residence at the time that the "case" had died. They were not thus really suitable for this task. Over matching in this respect was likely to obscure any true proximity effects. In pragmatic terms the extra work was beyond current resources and it seemed unlikely to attract them.
As with our previous proximity study, the crucial demographic question was whether apparent case concentrations might result entirely from systematic concentrations of PCs with large child populations around the types of hazard examined. Again, no appropriate data were available within the distance ranges considered. Regional standardisation eliminates only one component of the problem and less resolved population groupings (eg EDs) could offer no advantages. This focal demographic artefact was entirely hypothetical, and unsupported by external evidence, but we felt that it should be considered seriously. Fortunately, we found ways of examining the issue within our own data.
Results

SHORT RANGE DEMOGRAPHIC EFFECTS
Crude case densities per 1000 PCs were measured in different parts of the country: 56 rectangular areas covering major cities and inner cities, and residual surrounding areas. They were greater in population-dense than in sparse areas. The mean overall density was 16 Although correlations with high population density have been demonstrated elsewhere,'4 these regional variations do not accurately follow known mortality patterns. They must stem in part from the different ways in which PC boundaries are delineated. PCs in populationdense industrial zones probably have more delivery points (DPs) per PC, and possibly more children per DP. Such excesses would create a false overall association between industrial hazards and cancer deaths per 1000 PCs. This necessitated the development of the stratification and standardisation procedures outlined above.
Unfortunately, broad area standardisations provide no protection against the falsifying effects of high DP PCs in the immediate vicinities of industrial premises. There is no available measure of industrially related demographic distributions on this scale. However, we Figure 2 shows the pattern of SDRs in separate bands around 15 showed pronounced excesses at ranges beyond the very shortest. Paint manufacture (28 sites) had a less powerful effect. Steelworks showed a moderate effect. Firms offering contract welding construction showed nothing, but the addresses are probably remote from their on-site work locations. Casting and refining of lead (22 sites) showed no excesses, although car battery factories exhibited a strong effect. Lead casting is a relatively low temperature process and the battery making effect may be related to the manufacture of battery casings, plastics forming or solvent usage, rather than lead processing.
"Hot process" associations were not limited to metal forming. After some short range irregularities, powerful medium range excesses were evident for power stations, crematoria and cement works. Cement rail terminals had no effect. Brickworks showed a local effect but potteries (48 sites) and gasworks (98 sites) did not. The contrast between brick and pottery manufacture may be an effect of the relative scales of production, and the absence of an apparent hazard from gasworks may be explained in terms of local population exclusions or perhaps in terms of their history. In 1965/6 20 million tonnes of coal and oil were used in the production of gas, but by 1970/1 this was down to 8 million; and by 1976 to 0.2 million, as gas manufacture finally vanished.'6 Even before 1970, and still in the era of gas manufacture, many local gasworks were closed or reduced to simple storage sites following the introduction of high pressure coal and oil gasification processes. These new processes, and the import of liquefied natural gas, led to the Radial distance bands (km) Figure 5 Transport facilities.
construction of high pressure long distance pipelines and to centralised production. sites), crematoria (64 sites), aluminium casting works (24 sites), and zinc casting works (43 sites). Proximities were measured against the following: * The full list of death addresses, * The subset known not to have changed their PCs between birth and death, * The birth addresses of those who moved, and * The death addresses of those who moved.
The full death address list showed an observed/expected (O/E) ratio of 1.15 within 3 km. Non-movers showed a ratio of 1.19. The birth addresses of movers also showed 1.19 and the death addresses of movers a ratio of 1.15. All these excesses were highly significant (p<0.001), suggesting that while early exposures were more important than later ones, they could also be effective at later ages. This corresponds with our earlier findings in relation to PC sharing pairs.2 However, detailed examination revealed that many of those who had changed their PCs had moved only a short distance. The mean distance was 35.6 km, but the distribution was highly skewed and 49.9 % of this group had moved less than 5.0 km and 65.1 % less than 10.0 km.
The examination was therefore repeated among 3213 children who had moved more than lOkm, and where both addresses were accurately coded. Within 3.0 km of the hazard closest to either address, the birth places showed an O/E a ratio of 1.09 (572/526.9). The ratio for the death addresses around the same sources was only 0.80 (420/526.9). Each was significant, as was the difference between the numerators (set on a common denominator). Their contrary directions reflect the imposed separation, through selection, of the two addresses; if one address is close to a particular hazard then the other is necessarily some distance away. Similar results were obtained for other hazard types and for different migration distances. Among children who had moved more than 5.0 km and where at least one address was within 10 km of a galvanising plant, we found 186 births but only 83 deaths within 3 km of the nearest source.
We conclude that early exposure is the more important. Cancer initiations in migrating children may indeed be limited to exposures occurring within a short period before or after birth. The hazard proximities of the death addresses, as well as of birth addresses, in the total data set could reflect only their strong geographical associations.
Discussion
The logistical and methodological difficulties of conducting intimate proximity analyses on so large a scale are reflected in the paucity of comparable reported studies. Apart from several proximity studies of childhood cancers and leukaemias around nuclear installations,.1720
we found little which could be related to the findings described here. Further reassurance against false positive demographic artefacts appeared in analyses of cases who had migrated between birth and death. The highly asymmetric ratios of 572/ 420 birth/death addresses within 3 km of a "hot process" source among children who had migrated 10 km or more and a 186/83 birth/ death ratio within 3 km of galvanizing plants among children who had migrated 5.0 km or more are both independent of these demographic contingencies. These results also suggest a powerful general method for investigating age sensitive exposures where there are no demographic data available at all. We shall describe its properties and develop its usage in a later study.
Effective apparent exposures were concentrated around two main kinds of installation namely: (a) producers, refiners, distributors, and industrial users of petroleum fuels and volatile petroleum products, and (b) manufacturing processes using high temperature furnaces, kilns, and combustion chambers.
Some sources, notably internal combustion engines and oil fired furnaces, met both criteria. These specific associations and their absence around other sources were too coherent to suggest a demographic artefact. The few inconsistencies were probably due to different scales of production or restricted periods of operation. There was little to suggest systematic confounding from adjacent sitings of different processes. With few exceptions (eg pottery manufacture) the main factory based hazards were distributed independently across many regions. The rail and motorway associations were relatively ambiguous and could more readily be attributed to adjacent industrial hazards, but even here the most obvious direct common factor would be the use of petroleum fuel, especially diesel. Diesel is relatively nonvolatile and it is difficult to envisage a spillage based or access based mechanism affecting both sources, so if fuel combustion is the common factor the most eligible materials must be blow-by fumes from crankcases and substances emitted from exhausts.
However 
